In recent years, the number of artificial light sources has tremendously increased with the development of lighting technology and the economy. Nighttime light pollution has been an increasing environmental problem, resulting in negative impacts on human health and the ecological environment. Detailed knowledge of light pollution is important for the planning and management of urban lighting. In this study, light pollution in Nanjing, China was monitored and analyzed using field observations and a 130-m resolution Luojia 1-01 nighttime light imagery. Combined with in situ observations and satellite imagery, a variety of empirical models were established for estimating ambient illuminance at night. Cross-validation was employed to assess the performance of these models, indicating that the third-degree polynomials model had the best performance (MAE = 5.06 lx, R 2 = 0.81). The developed third-degree polynomial model was then applied to the Luojia 1-01 image to map the nighttime illuminance in Nanjing. The nighttime illuminance depicted the spatial pattern of the light environment over Nanjing and also indicated some heavily light-polluted areas. Some lit areas were residential areas, whose high brightness had negative effects on residents and need particular attention. This study provides a quantitative and objective reference for the light pollution management in Nanjing, and also a reference for light pollution survey in other regions.
Introduction
Since the invention of electric lights, a variety of artificial light sources have illuminated the night sky, providing great convenience for the lives and productivity of humans. With the development of lighting technology and the economy, artificial light has continuously increased across the world, both in intensity and extent [1] [2] [3] . Kyba et al. indicated that Earth's artificially lit area grew by 2.2% per year during the period of 2012-2016 based on NPP/VIIRS nighttime light remote sensing data [4] . However, artificial lighting has also produced a range of negative environmental consequences, leading to a new environmental problem: light pollution. Light pollution has been "one of the most rapidly increasing problems to change the natural environment" [5] .
Studies show that nighttime light pollution has a range of negative effects on human health, including impacts on sleep quality, and increased levels of anxiety, metabolic disorders, asthma, cataracts, and cancer [6] [7] [8] [9] [10] [11] [12] . In addition, artificial lighting changes the naturally dark nighttime environment and has adverse effects on the physiological functions of plants and animals [13] [14] [15] [16] .
Currently, most light pollution studies by field observation and remote sensing primarily measured the night sky brightness as the indicator of nighttime light environment. However, the night sky brightness is not a proper indicator for directly measuring the influence of light pollution on residents. The intensity of light around residences is the most direct factor affecting sleep and health. In addition, the spatial difference of the night sky brightness is relatively small, which cannot fully reflect the spatial distribution of the surface light environment at night. Based on this consideration, this article intends to explore a reasonable and feasible method to monitor nighttime light pollution by combining field observation and Luojia 1-01 remote sensing data.
Materials and Methods

Study Area
The study area is Nanjing City, the capital of Jiangsu Province, China (Figure 1 ). It is located in Eastern China (31°14′-32°37′N and 118°22′-119°14′E), with a total area of 6587 km 2 . The resident population of Nanjing in 2018 was 8.34 million, 6.86 million of which were urban residents. Nanjing contains 11 districts: Xuanwu, Qinhuai, Gulou, Jianye, Yuhuatai, Qixia, Pukou, Liuhe, Jiangning, Lishui, and Gaochun. The first six districts are traditional old districts, also known as the "Jiangnan Six Districts." The latter five districts are known as the "five suburb districts."
In recent years, Nanjing's economy has developed rapidly. Its GDP in 2018 amounted to 1.28 trillion Yuan (USD $190.69 billion), ranking 11th of all cities in China. GDP per capita amounted to 153,814 Yuan (USD $22,879), ranking sixth of all cities in China. With the rapid development of economy, urban lighting project was vigorously carried out. However, excessive night lighting in some areas caused serious light pollution problems, sparking media coverage, and protests by residents. In recent years, Nanjing's economy has developed rapidly. Its GDP in 2018 amounted to 1.28 trillion Yuan (USD $190.69 billion), ranking 11th of all cities in China. GDP per capita amounted to 153,814 Yuan (USD $ 22, 879) , ranking sixth of all cities in China. With the rapid development of economy, urban Sustainability 2020, 12, 681 4 of 18 lighting project was vigorously carried out. However, excessive night lighting in some areas caused serious light pollution problems, sparking media coverage, and protests by residents.
data
Remote Sensing Data
The Luojia 1-01 remote sensing satellite, developed by Wuhan University, China, was launched on June 2, 2018. It is equipped with a high sensitivity nighttime imaging camera, which can provide nighttime light images at 130-m spatial resolution with a width of 260 km. The spatial resolution of Luojia 1-01 is significantly higher than DMSP/OLS and NPP/VIIRS used in the previous study of light pollution, providing the potential for detailed investigation of urban light pollution.
Luojia 1-01 data can be freely available from the Hubei Data and Application Center of the High-Resolution Earth Observation System (http://www.hbeos.org.cn). The Luojia 1-01 image used in this study is a cloud-free nighttime image acquired at 22:26 (Beijing Time) on 23 November 2018 ( Figure 2 ). Sustainability 2020, 12 The Luojia 1-01 remote sensing satellite, developed by Wuhan University, China, was launched on June 2, 2018. It is equipped with a high sensitivity nighttime imaging camera, which can provide nighttime light images at 130-m spatial resolution with a width of 260 km. The spatial resolution of Luojia 1-01 is significantly higher than DMSP/OLS and NPP/VIIRS used in the previous study of light pollution, providing the potential for detailed investigation of urban light pollution.
Luojia 1-01 data can be freely available from the Hubei Data and Application Center of the High-Resolution Earth Observation System (http://www.hbeos.org.cn). The Luojia 1-01 image used in this study is a cloud-free nighttime image acquired at 22:26 (Beijing Time) on 23 November 2018 ( Figure  2 ). According to the official calibration equation, the Luojia 1-01 image was radiometric calibrated to covert the digital number (DN) value to radiance:
where L is the radiance (W·m −2 ·sr −1 ·μm −1 ). Although the released Luojia 1-01 image was systematically geometric corrected, it still shows obvious geometric errors. Comparing with a Landsat8/OLI image, it can be found that the positioning error of the Luojia 1-01 image was approximately 700 m. The Luojia 1-01 image was then georeferenced by matching road intersections with prominent contours to the Landsat8/OLI image. Based on the selected 49 ground control points, the second-degree polynomial model was applied for registration, achieving an RMS error of 0.58 pixels. Finally, the georeferenced Luojia 1-01 image was clipped and masked according to the Nanjing administrative boundary data.
Luojia 1-01 image can visually show the spatial pattern of lit environment, but it is not suitable to be directly used in light pollution management because it measures the upwelling light from the land surface. Compared with upwelling light, near-surface horizontal light has more direct impacts on residents' health. In addition, the radiometrically calibrated Luojia 1-01 image that has radiance values (in the unit of W·m −2 ·sr −1 ·μm −1 ) cannot be conveniently used for quantifying ambient brightness level because the commonly-used photometric quantities are illuminance (in the unit of lx) and According to the official calibration equation, the Luojia 1-01 image was radiometric calibrated to covert the digital number (DN) value to radiance:
where L is the radiance (W · m −2 · sr −1 · µm −1 ). Although the released Luojia 1-01 image was systematically geometric corrected, it still shows obvious geometric errors. Comparing with a Landsat8/OLI image, it can be found that the positioning error of the Luojia 1-01 image was approximately 700 m. The Luojia 1-01 image was then georeferenced by matching road intersections with prominent contours to the Landsat8/OLI image. Based on the selected 49 ground control points, the second-degree polynomial model was applied for registration, achieving an RMS error of 0.58 pixels. Finally, the georeferenced Luojia 1-01 image was clipped and masked according to the Nanjing administrative boundary data.
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Luojia 1-01 image can visually show the spatial pattern of lit environment, but it is not suitable to be directly used in light pollution management because it measures the upwelling light from the land surface. Compared with upwelling light, near-surface horizontal light has more direct impacts on residents' health. In addition, the radiometrically calibrated Luojia 1-01 image that has radiance values (in the unit of W · m −2 · sr −1 · µm −1 ) cannot be conveniently used for quantifying ambient brightness level because the commonly-used photometric quantities are illuminance (in the unit of lx) and luminance (in the unit of cd/m 2 ).
Field Observations
The GM1040 Digital Illuminance Meter manufactured by Benetech was employed in this study to measure illuminance (Ev) in field observations. The instrument measures up to 20,000 lx and the error is ±3% rdg when the Ev is lower than that 10,000 lx. "lx" is the unit of illuminance, which is equal to one lumen per square meter, and "rdg" refers to the reading value of the instrument. GM1040 has a cosine corrector that collects light from a 180 • field of view to eliminate the influence of incident angle. It is easy for hand-holding and operating due to its compact size, automatic storage, and data logging functions.
Considering that cloud reflection, absorption, and scattering by water vapor have impacts on the nighttime light environment, field observations were performed on cloudless nights between 17 December 2018, and 13 January 2019. Two areas, including Nanjing downtown and the Nanjing University of Information Science and Technology (NUIST) campus, were selected for observation. Nanjing downtown, located in the middle of Nanjing City, is the largest lit area of the city. NUIST campus, located in the northern suburbs, has a lot of relatively dark areas. Referring to Luojia 1-01 nighttime image and Google Earth high-resolution images, a number of representative locations in these two areas were selected for observation, which covered areas with different brightness levels and lighting conditions. To coincide with the imaging time of the Luojia 1-01 image, observations were carried out between 9:30 and 11:00 pm (Beijing time). At each observation location, the GM1040 was horizontal-oriented held at the height of 1.8 m to measure horizontal emitted light. The reading of the luxmeter was then recorded as the horizontal-observed Ev. Similarly, the vertical-observed Ev was also recorded at the same height of 1.8 m by measuring upwelling light from the land surface. In addition, pictures were taken to record the sampling environment. Horizontal light is highly variable and shows large directional difference. Though the cosine corrector of the GM1040 can help to reduce the influence of the incident angle, the horizontal-observed Ev in one direction cannot effectively depict the overall brightness level. Under this consideration, the horizontal-observed Ev values of four orthogonal directions (forward, right, backward, left) were all measured at each location. The average Ev of the four horizontal directions was calculated to represent the ambient Ev of the location. To assess the rationality of this scheme, the stability of average horizontal-observed Ev (ambient Ev) was assessed before field observations. Figure 3 shows the test results under two different lighting environments. Figure 3a refers to a location with little difference between different directions, and Figure 3b refers to a location characterized by one particularly bright direction. First, the horizontal-observed illuminations of forward, right, backward, left were measured (blue values), and the mean value was calculated. Then, the measuring directions were rotated 30 • degrees clockwise to measure the horizontal-observed illuminations of four new directions (green values) and calculated the mean value. Then the directions were rotated 30 • degrees clockwise again to measure the horizontal-observed illuminations of four new directions (red values) and calculated the mean value. From the figure, it can be noted that horizontal-observed Ev showed large directional difference, but the variation was not mutational because of the cosine correction of the luxmeter. A comparison between the average illumination values of the three observations revealed that the average horizontal-observed Ev (ambient Ev) of the four directions at different angles varied little. Therefore, ambient Ev calculated from the the horizontal-observed illuminations of four new directions (green values) and calculated the mean value. Then the directions were rotated 30° degrees clockwise again to measure the horizontalobserved illuminations of four new directions (red values) and calculated the mean value. From the figure, it can be noted that horizontal-observed Ev showed large directional difference, but the variation was not mutational because of the cosine correction of the luxmeter. A comparison between the average illumination values of the three observations revealed that the average horizontalobserved Ev (ambient Ev) of the four directions at different angles varied little. Therefore, ambient Ev calculated from the horizontal-observed Ev of the four directions of forward, right, backward, and left can well descript the horizontal light environment. At each observation location, horizontal-observed Ev in the four directions, the downward vertical-observed Ev, and the location coordinates were recorded. In addition, pictures of each location were also taken for later possible use. Considering that the Luojia 1-01 image's resolution is 130-m, there was still a considerable spatial-scale gap between the single point and the whole pixel. Therefore, additional three points were also observed around each observation location. Then, the average ambient Ev and vertical-observed Ev of the four points was calculated as one observation sample value corresponding to a Luojia 1-01 pixel. Figure 4 shows the observation and calculation process of ambient Ev and vertical-observed Ev of a sample value. At each observation location, horizontal-observed Ev in the four directions, the downward vertical-observed Ev, and the location coordinates were recorded. In addition, pictures of each location were also taken for later possible use. Considering that the Luojia 1-01 image's resolution is 130-m, there was still a considerable spatial-scale gap between the single point and the whole pixel. Therefore, additional three points were also observed around each observation location. Then, the average ambient Ev and vertical-observed Ev of the four points was calculated as one observation sample value corresponding to a Luojia 1-01 pixel. Figure 4 shows the observation and calculation process of ambient Ev and vertical-observed Ev of a sample value. Ambient Ev and vertical-observed Ev values of 204 points were collected during field observations. After the aforementioned processing, 51 samples corresponding to the Luojia 1-01 image pixels were generated.
During the observation, the recorded illumination values may have been affected by some factors: (1) bright vehicle headlights could cause exceedingly high measurements;
(2) changing images on large digital billboards could significantly change the environmental illuminance; (3) the inconsistency between the measurement time and satellite overpass could also cause mismatching in Luojia 1-01 image and in-situ observations. To reduce the influence of these factors, these problematic samples were manually flagged and then removed. Finally, 44 samples were retained. Table 1 gives the coordinates and measured illuminance of the 44 samples and Figure 5 shows the spatial distribution of these samples. Ambient Ev and vertical-observed Ev values of 204 points were collected during field observations. After the aforementioned processing, 51 samples corresponding to the Luojia 1-01 image pixels were generated.
(2) changing images on large digital billboards could significantly change the environmental illuminance; (3) the inconsistency between the measurement time and satellite overpass could also cause mismatching in Luojia 1-01 image and in-situ observations. To reduce the influence of these factors, these problematic samples were manually flagged and then removed. Finally, 44 samples were retained. Table 1 gives the coordinates and measured illuminance of the 44 samples and Figure 5 shows the spatial distribution of these samples. Figure 6 shows the scatter plot between ambient Ev and vertical-observed Ev of the 44 samples. The correlation coefficient between ambient Ev and vertical-observed Ev was 0.88, suggesting a strong correlation between them. In general, ambient Ev was obviously higher than vertical-observed Ev, which can be attributed to two main reasons. First, most of the light sources in the city are horizontal light sources, except street lights. Second, vertical-observed Ev measures the light reflected by the ground instead of direct light. It should be noted that the relationship between ambient Ev and vertical-observed Ev is complicated, which is affected by various factors, including the incidence direction of lights, the reflectance, and directionality of the land surface, the wall material of buildings and the distance of buildings. The ambient Ev of some samples was not correlated with vertical-observed Ev, which may be attributed to the reason that different directions and types of light sources led to different relationships between them. For example, a downward-facing street light can produce high vertical-observed Ev and relatively low horizontal-observed Ev, while commercial lighting infrastructures such as billboards and shop windows can produce high horizontal-observed Ev and relatively low vertical-observed Ev. Due to the lack of detailed information, the relationship between the ambient Ev and vertical-observed Ev could not be further analyzed. Though there are various influence factors on the relationship between ambient Ev and vertical-observed Ev, they showed strong correlation because in most cases, bright horizontal lighting leads to the bright land surface and vice versa. Figure 6 shows the scatter plot between ambient Ev and vertical-observed Ev of the 44 samples. The correlation coefficient between ambient Ev and vertical-observed Ev was 0.88, suggesting a strong correlation between them. In general, ambient Ev was obviously higher than vertical-observed Ev, which can be attributed to two main reasons. First, most of the light sources in the city are horizontal light sources, except street lights. Second, vertical-observed Ev measures the light reflected by the ground instead of direct light. It should be noted that the relationship between ambient Ev and vertical-observed Ev is complicated, which is affected by various factors, including the incidence direction of lights, the reflectance, and directionality of the land surface, the wall material of buildings and the distance of buildings. The ambient Ev of some samples was not correlated with verticalobserved Ev, which may be attributed to the reason that different directions and types of light sources led to different relationships between them. For example, a downward-facing street light can produce high vertical-observed Ev and relatively low horizontal-observed Ev, while commercial lighting infrastructures such as billboards and shop windows can produce high horizontal-observed Ev and relatively low vertical-observed Ev. Due to the lack of detailed information, the relationship between the ambient Ev and vertical-observed Ev could not be further analyzed. Though there are various influence factors on the relationship between ambient Ev and vertical-observed Ev, they showed strong correlation because in most cases, bright horizontal lighting leads to the bright land surface and vice versa. 
Method
The vertical-observed Ev values of 44 samples were compared with the radiance values of the corresponding Luojia 1-01 pixels (Figure 7 ). There is a clear positive correlation (r = 0.76) between the remotely sensed radiance and the vertical-observed Ev. Considering there was also a strong linear correlation between ambient Ev and vertical-observed Ev, it was feasible to estimate the ambient Ev from the Luojia 1-01 data.
It also should be noted that the linear relationship was not very strong, which can be attributed 
The vertical-observed Ev values of 44 samples were compared with the radiance values of the corresponding Luojia 1-01 pixels (Figure 7 ). There is a clear positive correlation (r = 0.76) between the Sustainability 2020, 12, 681 9 of 18 remotely sensed radiance and the vertical-observed Ev. Considering there was also a strong linear correlation between ambient Ev and vertical-observed Ev, it was feasible to estimate the ambient Ev from the Luojia 1-01 data.
correlation between ambient Ev and vertical-observed Ev, it was feasible to estimate the ambient Ev from the Luojia 1-01 data.
It also should be noted that the linear relationship was not very strong, which can be attributed to the spatial scale gap between the point-scale field observation and 130-m Luojia 1-01 pixel. The light environment at night exhibits obvious spatial difference, which varies rapidly with locations, even within a 130m pixel. Calculating the average illuminance to compare with the corresponding pixel value of the Luojia 1-01 image could reduce but not eliminate the influence of the spatial scale gap. In addition, other factors, including the upward-facing lights, shielding effect of the tree canopy, and the multiple reflections of building walls, may also have some impacts on the relationship between field and remote sensing data. It also should be noted that the linear relationship was not very strong, which can be attributed to the spatial scale gap between the point-scale field observation and 130-m Luojia 1-01 pixel. The light environment at night exhibits obvious spatial difference, which varies rapidly with locations, even within a 130m pixel. Calculating the average illuminance to compare with the corresponding pixel value of the Luojia 1-01 image could reduce but not eliminate the influence of the spatial scale gap. In addition, other factors, including the upward-facing lights, shielding effect of the tree canopy, and the multiple reflections of building walls, may also have some impacts on the relationship between field and remote sensing data.
Taking the Luojia 1-01 radiance value as the independent variable and the ambient Ev as the dependent variable, five empirical models (unary linear model, second-degree polynomial model, third-degree polynomial model, exponential model, and logarithmic model) were employed and compared to determinate the optimized estimation algorithm of ambient Ev from Luojia 1-01 image. The equations are as follows:
where Ev is ambient Ev (lx), L is the radiance of the pixel (10 −6 W · m −2 · sr −1 · µm −1 ), and a, b, c, and d are the regression coefficients.
Considering the relatively small sample size, the performance of the five models was evaluated using leave-one-out cross-validation. Each sample in the dataset is used as the test set and the remaining samples used as the training set to fit the model. The established model was then used to predict the test set and generate prediction values of the sample. This process is iterated N times (N is the number of samples) using each sample as the test set once. The mean absolute error (MAE) and the coefficient of determination (R 2 ) were calculated as performance indicators. Figure 8 shows the scatter plots between the measured and estimated ambient Ev of five models. Among the five models, the exponential model performed the worst, with an MAE of 33.73 lx and R 2 of 0.23. The model performed well under low and medium light but had serious overestimation under bright lights, which led to low accuracy. The MAE of the remaining four models ranged from 5.06 to 6.39 lx, and the R 2 from 0.74 to 0.81. The third-degree polynomial model showed the highest accuracy, with an MAE of 5.06 lx and R 2 of 0.81. As shown in the scatterplot of this model (Figure 8c ), most of the samples were distributed near the 1:1 line, with no obvious overestimation or underestimation.
Result and Discussion
Mapping Illumination in Nanjing
Considering the relatively small sample size, the performance of the five models was evaluated using leave-one-out cross-validation. Each sample in the dataset is used as the test set and the remaining samples used as the training set to fit the model. The established model was then used to predict the test set and generate prediction values of the sample. This process is iterated N times (N is the number of samples) using each sample as the test set once. The mean absolute error (MAE) and the coefficient of determination (R 2 ) were calculated as performance indicators. Figure 8 shows the scatter plots between the measured and estimated ambient Ev of five models. Among the five models, the exponential model performed the worst, with an MAE of 33.73 lx and R 2 of 0.23. The model performed well under low and medium light but had serious overestimation under bright lights, which led to low accuracy. The MAE of the remaining four models ranged from 5.06 to 6.39 lx, and the R 2 from 0.74 to 0.81. The third-degree polynomial model showed the highest accuracy, with an MAE of 5.06 lx and R 2 of 0.81. As shown in the scatterplot of this model (Figure 8c ), most of the samples were distributed near the 1:1 line, with no obvious overestimation or underestimation. Based on the evaluation results, the third-degree polynomial model was selected to estimate ambient Ev from Luojia 1-01 data. Formula 7 provides the model equation:
Result and Discussion
Mapping Illumination in Nanjing
where Ev is ambient Ev (lx), L is the radiance of the pixel (10 −6 W· m −2 · sr −1 · μm −1 ). The generated third-degree polynomial model was applied to the Luojia 1-01 radiance image, and the nighttime ambient Ev in Nanjing was mapped ( Figure 9 ). Based on the evaluation results, the third-degree polynomial model was selected to estimate ambient Ev from Luojia 1-01 data. Formula 7 provides the model equation:
where Ev is ambient Ev (lx), L is the radiance of the pixel (10 −6 W · m −2 · sr −1 · µm −1 ). The generated third-degree polynomial model was applied to the Luojia 1-01 radiance image, and the nighttime ambient Ev in Nanjing was mapped (Figure 9 ). Sustainability 2020, 12, x FOR PEER REVIEW 12 of 19 Figure 9 . Spatial distribution of the nighttime horizontal illuminance over Nanjing. Figure 9 shows obvious spatial differences in the nighttime light environment over Nanjing. The ambient Ev in most suburban areas was generally less than 1 lx, whereas some urban districts had very high Ev values (>50 lx). The largest and brightest area located in the main district of Nanjing. This outstanding lit area covered old districts such as Xuanwu, Gulou, Jianye, Qinhuai, and Yuhuatai Districts, and also spread eastward to the Xianlin Area of Qixia District and southward to the Jiulong Lake Area in Jiangning District. Pukou and Liuhe Districts on the north bank of the Yangtze River also featured a second largest bright area in Nanjing. Two relatively smaller isolated lit areas in southern Nanjing were the core area of Gaochun and Lishui Districts.
Spatial Pattern of Light Pollution over Nanjing
Based on the administrative boundary data, the light pollution status of the 11 districts was analyzed. Figure 10 shows the areas with Ev greater than 10 lx and 25 lx in each district. Jiangning District had the largest area with Ev greater than 10 lx (22.63 km 2 ), followed by Jianye, Pukou, Liuhe, and Qixia Districts, whose areas with Ev greater than 10 lx were 15.72, 14.28, 10.55, and 10.29 km 2 respectively. Gaochun District has the smallest area with Ev greater than 10 lx, which was only 0.76 km 2 . Jiangning District also had the largest area with Ev greater than 25 lx, reaching 5.85 km 2 , followed by Pukou and Jianye Districts (3.04 and 2.16 km 2 , respectively). Gaochun District also had the smallest area with Ev greater than 25 lx (0.07 km 2 ). Jiangning is the region with the largest population and highest total GDP in Nanjing, which has a large built-up area, large transportation hubs such as Lukou International Airport and Nanjing South Railway Station. However, Gaochun is the furthest from the downtown of Nanjing. Although the area is large, the population is relatively small (0.45 million) and the economy is less developed, resulting in a much smaller bright area than the other districts. Figure 9 shows obvious spatial differences in the nighttime light environment over Nanjing. The ambient Ev in most suburban areas was generally less than 1 lx, whereas some urban districts had very high Ev values (>50 lx). The largest and brightest area located in the main district of Nanjing. This outstanding lit area covered old districts such as Xuanwu, Gulou, Jianye, Qinhuai, and Yuhuatai Districts, and also spread eastward to the Xianlin Area of Qixia District and southward to the Jiulong Lake Area in Jiangning District. Pukou and Liuhe Districts on the north bank of the Yangtze River also featured a second largest bright area in Nanjing. Two relatively smaller isolated lit areas in southern Nanjing were the core area of Gaochun and Lishui Districts.
Based on the administrative boundary data, the light pollution status of the 11 districts was analyzed. Figure 10 shows the areas with Ev greater than 10 lx and 25 lx in each district. Jiangning District had the largest area with Ev greater than 10 lx (22.63 km 2 ), followed by Jianye, Pukou, Liuhe, and Qixia Districts, whose areas with Ev greater than 10 lx were 15.72, 14.28, 10.55, and 10.29 km 2 respectively. Gaochun District has the smallest area with Ev greater than 10 lx, which was only 0.76 km 2 . Jiangning District also had the largest area with Ev greater than 25 lx, reaching 5.85 km 2 , followed by Pukou and Jianye Districts (3.04 and 2.16 km 2 , respectively). Gaochun District also had the smallest area with Ev greater than 25 lx (0.07 km 2 ). Jiangning is the region with the largest population and highest total GDP in Nanjing, which has a large built-up area, large transportation hubs such as Lukou International Airport and Nanjing South Railway Station. However, Gaochun is the furthest from the downtown of Nanjing. Although the area is large, the population is relatively small (0.45 million) and the economy is less developed, resulting in a much smaller bright area than the other districts. Referring to the CIE Guide on the limitation of the effects of obtrusive light from outdoor lighting installations [39] and the Chinese Code for lighting design of urban nightscape [40] , the ambient Ev of Nanjing was divided into five levels: very dark (<2 lx), dark (2-5 lx), moderate (5-10 lx), bright (10-25 lx), and very bright (>25 lx). The area proportions of different Ev levels in 11 districts were given in Figure 11 . Qinhuai, Gulou, Jianye, Xuanwu, Yuhuatai, and Qixia Districts had low proportions of dark areas. In particular, in the Qinhuai and Gulou Districts, the proportions of the very dark areas were less than 20%. Among Qinhuai, Jianye, and Xuanwu, the area proportions of the very dark areas were also relatively low (<50%). Characterized by small areas, dense population and long development history, these old districts exhibited overall high brightness. As a contrast, the suburban districts of Pukou, Jiangning, Liuhe, Lishui, and Gaochun exhibited high proportions of the very dark areas that were higher than 80%. Although Jiangning and Pukou had large bright areas (shown in Figure 10 ), these districts are much larger than old districts, resulting in relatively low proportions of bright areas. According to the nighttime ambient Ev map of Nanjing, the regions with extensive high luminance and large extent were identified as heavily light-polluted regions. These regions can be classified into several categories: large transportation hubs, such as Lukou International Airport and Nanjing South Railway Station; large shopping areas, including Xinjiekou, Confucius Temple, and Tianyin Square; residential areas, including Xianlin Lake, Cuipingchengyuan, the Youth Olympic Village, and Heding Bridge; roads, including Pukou Avenue, Jiangbei Expressway, and Tianyuan East Road; large factories, including Sinopec Yangzi Petrochemical and Nanjing Steel factories. Table 2 showed the nighttime Ev maps and corresponding Google Earth's high-resolution satellite images of some typical heavily light-polluted regions. Lukou International Airport is one of Referring to the CIE Guide on the limitation of the effects of obtrusive light from outdoor lighting installations [39] and the Chinese Code for lighting design of urban nightscape [40] , the ambient Ev of Nanjing was divided into five levels: very dark (<2 lx), dark (2-5 lx), moderate (5-10 lx), bright (10-25 lx), and very bright (>25 lx). The area proportions of different Ev levels in 11 districts were given in Figure 11 . Qinhuai, Gulou, Jianye, Xuanwu, Yuhuatai, and Qixia Districts had low proportions of dark areas. In particular, in the Qinhuai and Gulou Districts, the proportions of the very dark areas were less than 20%. Among Qinhuai, Jianye, and Xuanwu, the area proportions of the very dark areas were also relatively low (<50%). Characterized by small areas, dense population and long development history, these old districts exhibited overall high brightness. As a contrast, the suburban districts of Pukou, Jiangning, Liuhe, Lishui, and Gaochun exhibited high proportions of the very dark areas that were higher than 80%. Although Jiangning and Pukou had large bright areas (shown in Figure 10 ), these districts are much larger than old districts, resulting in relatively low proportions of bright areas. Referring to the CIE Guide on the limitation of the effects of obtrusive light from outdoor lighting installations [39] and the Chinese Code for lighting design of urban nightscape [40] , the ambient Ev of Nanjing was divided into five levels: very dark (<2 lx), dark (2-5 lx), moderate (5-10 lx), bright (10-25 lx), and very bright (>25 lx). The area proportions of different Ev levels in 11 districts were given in Figure 11 . Qinhuai, Gulou, Jianye, Xuanwu, Yuhuatai, and Qixia Districts had low proportions of dark areas. In particular, in the Qinhuai and Gulou Districts, the proportions of the very dark areas were less than 20%. Among Qinhuai, Jianye, and Xuanwu, the area proportions of the very dark areas were also relatively low (<50%). Characterized by small areas, dense population and long development history, these old districts exhibited overall high brightness. As a contrast, the suburban districts of Pukou, Jiangning, Liuhe, Lishui, and Gaochun exhibited high proportions of the very dark areas that were higher than 80%. Although Jiangning and Pukou had large bright areas (shown in Figure 10 ), these districts are much larger than old districts, resulting in relatively low proportions of bright areas. According to the nighttime ambient Ev map of Nanjing, the regions with extensive high luminance and large extent were identified as heavily light-polluted regions. These regions can be classified into several categories: large transportation hubs, such as Lukou International Airport and Nanjing South Railway Station; large shopping areas, including Xinjiekou, Confucius Temple, and Tianyin Square; residential areas, including Xianlin Lake, Cuipingchengyuan, the Youth Olympic Village, and Heding Bridge; roads, including Pukou Avenue, Jiangbei Expressway, and Tianyuan East Road; large factories, including Sinopec Yangzi Petrochemical and Nanjing Steel factories. Table 2 showed the nighttime Ev maps and corresponding Google Earth's high-resolution According to the nighttime ambient Ev map of Nanjing, the regions with extensive high luminance and large extent were identified as heavily light-polluted regions. These regions can be classified into several categories: large transportation hubs, such as Lukou International Airport and Nanjing South Table 2 showed the nighttime Ev maps and corresponding Google Earth's high-resolution satellite images of some typical heavily light-polluted regions. Lukou International Airport is one of the important aviation hubs in China. Though the Ev over the terminals and warehouse areas were mostly higher than 25 lx, the surrounding area was very dark. In addition, there were fewer residential buildings around the airport. Therefore, the high illuminance of the airport had little impact on the residents. As the busiest commercial area of Nanjing, Xinjiekou is very bright at night. The overall Ev was above 25 lx, and some areas reached higher Ev than 50 lx. Although the area is a commercial area, there are still many old residential buildings that can be seen from the Google Earth image. An overly bright nighttime light environment can have an impact on the residents in the area. Xianlin Lake area is a newly developed residential area in the eastern suburbs of Nanjing, which is dominated by new high buildings and has a large shopping mall. From the nighttime Ev map, the overall Ev of the region is shown to be high (>20 lx), and some areas reached a higher level than 30 lx. Given the dense population in this area, the light pollution was severe and needed special attention. Pukou Avenue is a newly constructed traffic artery. There are many landscape lights on both sides of the road, causing an extremely bright environment at night (Ev > 50 lx). From the Google Earth image, it can be seen that several residential buildings are under construction on the roadside, future residents will certainly be affected by the high illuminance. Sinopec Yangzi Petrochemical, a large petrochemical plant in Nanjing, has a very large factory campus. Some areas on the campus were relatively bright, with Ev ranged from 10 to 30 lx. Considering that there are few residential buildings around the plant, the influence of light pollution was relatively small. the important aviation hubs in China. Though the Ev over the terminals and warehouse areas were mostly higher than 25 lx, the surrounding area was very dark. In addition, there were fewer residential buildings around the airport. Therefore, the high illuminance of the airport had little impact on the residents. As the busiest commercial area of Nanjing, Xinjiekou is very bright at night. The overall Ev was above 25 lx, and some areas reached higher Ev than 50 lx. Although the area is a commercial area, there are still many old residential buildings that can be seen from the Google Earth image. An overly bright nighttime light environment can have an impact on the residents in the area. Xianlin Lake area is a newly developed residential area in the eastern suburbs of Nanjing, which is dominated by new high buildings and has a large shopping mall. From the nighttime Ev map, the overall Ev of the region is shown to be high (>20 lx), and some areas reached a higher level than 30 lx. Given the dense population in this area, the light pollution was severe and needed special attention. Pukou Avenue is a newly constructed traffic artery. There are many landscape lights on both sides of the road, causing an extremely bright environment at night (Ev > 50 lx). From the Google Earth image, it can be seen that several residential buildings are under construction on the roadside, future residents will certainly be affected by the high illuminance. Sinopec Yangzi Petrochemical, a large petrochemical plant in Nanjing, has a very large factory campus. Some areas on the campus were relatively bright, with Ev ranged from 10 to 30 lx. Considering that there are few residential buildings around the plant, the influence of light pollution was relatively small. the important aviation hubs in China. Though the Ev over the terminals and warehouse areas were mostly higher than 25 lx, the surrounding area was very dark. In addition, there were fewer residential buildings around the airport. Therefore, the high illuminance of the airport had little impact on the residents. As the busiest commercial area of Nanjing, Xinjiekou is very bright at night. The overall Ev was above 25 lx, and some areas reached higher Ev than 50 lx. Although the area is a commercial area, there are still many old residential buildings that can be seen from the Google Earth image. An overly bright nighttime light environment can have an impact on the residents in the area. Xianlin Lake area is a newly developed residential area in the eastern suburbs of Nanjing, which is dominated by new high buildings and has a large shopping mall. From the nighttime Ev map, the overall Ev of the region is shown to be high (>20 lx), and some areas reached a higher level than 30 lx. Given the dense population in this area, the light pollution was severe and needed special attention. Pukou Avenue is a newly constructed traffic artery. There are many landscape lights on both sides of the road, causing an extremely bright environment at night (Ev > 50 lx). From the Google Earth image, it can be seen that several residential buildings are under construction on the roadside, future residents will certainly be affected by the high illuminance. Sinopec Yangzi Petrochemical, a large petrochemical plant in Nanjing, has a very large factory campus. Some areas on the campus were relatively bright, with Ev ranged from 10 to 30 lx. Considering that there are few residential buildings around the plant, the influence of light pollution was relatively small. the important aviation hubs in China. Though the Ev over the terminals and warehouse areas were mostly higher than 25 lx, the surrounding area was very dark. In addition, there were fewer residential buildings around the airport. Therefore, the high illuminance of the airport had little impact on the residents. As the busiest commercial area of Nanjing, Xinjiekou is very bright at night. The overall Ev was above 25 lx, and some areas reached higher Ev than 50 lx. Although the area is a commercial area, there are still many old residential buildings that can be seen from the Google Earth image. An overly bright nighttime light environment can have an impact on the residents in the area. Xianlin Lake area is a newly developed residential area in the eastern suburbs of Nanjing, which is dominated by new high buildings and has a large shopping mall. From the nighttime Ev map, the overall Ev of the region is shown to be high (>20 lx), and some areas reached a higher level than 30 lx. Given the dense population in this area, the light pollution was severe and needed special attention. Pukou Avenue is a newly constructed traffic artery. There are many landscape lights on both sides of the road, causing an extremely bright environment at night (Ev > 50 lx). From the Google Earth image, it can be seen that several residential buildings are under construction on the roadside, future residents will certainly be affected by the high illuminance. Sinopec Yangzi Petrochemical, a large petrochemical plant in Nanjing, has a very large factory campus. Some areas on the campus were relatively bright, with Ev ranged from 10 to 30 lx. Considering that there are few residential buildings around the plant, the influence of light pollution was relatively small. the important aviation hubs in China. Though the Ev over the terminals and warehouse areas were mostly higher than 25 lx, the surrounding area was very dark. In addition, there were fewer residential buildings around the airport. Therefore, the high illuminance of the airport had little impact on the residents. As the busiest commercial area of Nanjing, Xinjiekou is very bright at night. The overall Ev was above 25 lx, and some areas reached higher Ev than 50 lx. Although the area is a commercial area, there are still many old residential buildings that can be seen from the Google Earth image. An overly bright nighttime light environment can have an impact on the residents in the area. Xianlin Lake area is a newly developed residential area in the eastern suburbs of Nanjing, which is dominated by new high buildings and has a large shopping mall. From the nighttime Ev map, the overall Ev of the region is shown to be high (>20 lx), and some areas reached a higher level than 30 lx. Given the dense population in this area, the light pollution was severe and needed special attention. Pukou Avenue is a newly constructed traffic artery. There are many landscape lights on both sides of the road, causing an extremely bright environment at night (Ev > 50 lx). From the Google Earth image, it can be seen that several residential buildings are under construction on the roadside, future residents will certainly be affected by the high illuminance. Sinopec Yangzi Petrochemical, a large petrochemical plant in Nanjing, has a very large factory campus. Some areas on the campus were relatively bright, with Ev ranged from 10 to 30 lx. Considering that there are few residential buildings around the plant, the influence of light pollution was relatively small. Table 2 . Representative heavily light-polluted areas.
Region
Remotely-Sensed Ev Map Google Earth Image
Lukou International Airport Xinjiekou 
Discussion
Monitoring nighttime light pollution is a challenging task due to the directivity and high spatial variability of lights. Previous studies primarily observed or estimated night sky brightness as the indicator of light pollution. However, this study mapped ambient Ev to quantify light pollution in Nanjing City. Compared to sky brightness, ambient Ev can better describe the surface light environment and thus more closely correlates to residents' health. To generate a reliable nighttime Ev map, special measurement and processing were carried out in field observations. This was the first time that 130-m resolution Luojia 1-01 nighttime image was used to quantitatively investigate urban light pollution. The generated high-resolution Ev map represented the detailed spatial pattern of the light environment in Nanjing and identified the heavily light-polluted areas. This is an interesting and meaningful attempt for monitoring and analyzing urban light pollution at night.
There were some limitations in this study. The sample size for Ev estimation was relatively small for empirical modeling, which to a certain extent affected the stability of the empirical models. There were two main reasons that caused the limited sample size. First, in view of the evident temporal changes of artificial lighting, field observations were only performed around the Luojia 1-01 overpass time to match the satellite image as closely as possible. Second, to avoid shadowing by pedestrians and vehicle headlights as much as possible, the observations had to be made on foot. Due to the restricted observation time and slow speed of walking and measuring, the volume of obtained samples was relatively small. Ideally, more observers are required to conduct measurement synchronously at different locations to collect adequate observation data. During the in situ Xianlin Lake Pukou Avenue Yangzi Petrochemical
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There were some limitations in this study. The sample size for Ev estimation was relatively small for empirical modeling, which to a certain extent affected the stability of the empirical models. There were two main reasons that caused the limited sample size. First, in view of the evident temporal changes of artificial lighting, field observations were only performed around the Luojia 1-01 overpass time to match the satellite image as closely as possible. Second, to avoid shadowing by pedestrians and vehicle headlights as much as possible, the observations had to be made on foot. Due to the restricted observation time and slow speed of walking and measuring, the volume of obtained samples was relatively small. Ideally, more observers are required to conduct measurement synchronously at different locations to collect adequate observation data. During the in situ observation, it was noted that some lamps (primarily landscape lights) installed on building rooftops emitted light upward. The satellite sensor could receive high levels of radiation and lead to high estimated Ev for these locations with upward-facing lights, but ambient Ev on the ground may not be high. The possible solution way is to conduct field observations in areas with high Ev and manually identify these discrepancies. On the other hand, these bright upward-facing lights are inappropriate, which cause high sky brightness and significant power waste but do not provide effective lighting for residents. The combination of field and satellite observations can identify these upward-facing light sources and provide targeted information for nighttime light pollution remediation. Though Luojia 1-01 provides much better spatial resolution (130 m) than DMSP/OLS and NPP/VIIRS, there is still a relatively large spatial-scale difference between Luojia 1-01 pixel and point-scale observation. Within one 130-m pixel, the nighttime lighting environment has obvious spatial heterogeneity. This study used the average horizontal-observed Ev of four different points within one area to correspond with the pixels of the Luojia 1-01 image, which reduced the impact of the spatial gap to some degree, but there were still some negative influences. It also should be mentioned that the GM1040 illuminance meter used in field observation is not very sensitive in the dark environment. However, this limitation of the luxmeter should have negligible effects in this study because urban light pollution mainly focuses on lit areas. Despite the low sensitivity for low brightness level, the luxmeter has some advantages for observing light pollution, including its low price, high convenience and cosine compensation.
The derived ambient Ev map provides a useful reference to assess the light-contamination conditions of Nanjing City. On the whole, the light pollution in this city is quite serious. Ambient Ev in urban areas was generally higher than 5 lx. Some heavily light-polluted regions showed not only extensive high luminance but also large extents. Among these heavily light-polluted regions, some were residential areas or mixed commercial and residential areas. Considering that most residents have fallen asleep before 10:30 pm (the Luojia 1-01 overpass time), the residents in these areas are suffered from serious light pollution, which has negative impacts on their sleep and health. Effective light environment planning and light pollution control measures are required to produce better lit environments for residents.
Conclusions
This study used field observations and Luojia 1-01 data to monitor the light pollution in Nanjing City. During the field observations, the mean ambient Ev of four directions was calculated as the indicator of horizontal-observed illuminance at a point. Then the ambient Ev of four neighboring points in a specified range was averaged to match the Luojia 1-01 130-m pixel, bridging the spatial gap between the field and satellite observations. Five empirical models were employed to estimate ambient Ev from the Luojia 1-01 image. Cross-validation results suggested that the third-degree polynomial model outperformed the others with the lowest MAE of 5.06 lx and the highest R 2 of 0.81. This model was then selected to produce a nighttime ambient Ev map, depicting the spatial distribution details of nighttime light pollution in Nanjing. Nanjing showed obvious spatial difference in the nighttime light environment. Some areas exhibited very high ambient Ev (> 50 lx). These lit areas included large transportation hubs, large shopping areas, some residential areas, roads, and large factories. Transportation hubs and large factories had relatively small light impacts on residents because there were few residents in the surrounding areas. The other lit areas all had larger populations so that the bright light environments at night can have negative impacts on residents. These heavily light-polluted areas need special attention and effective preventive measures.
Luojia 1-01 provides free nighttime images with a much higher resolution compared to DMSP/OLS and NPP/VIIRS, which is a valuable satellite data source for light pollution survey. This study explored the potential of qualifying urban nighttime light pollution using the Luojia 1-01 data and field observations. The method does not aim to deliver high accuracy but could provide a useful estimate of ambient illuminance derived from satellite data and it is simple and easy to reproduce. The produced Ev map provided a quantitative and objective reference for urban nighttime lighting pollution management. It is also helpful for residents to better understand light pollution situations. The details of observation, processing, and modeling described also provide a reference for light pollution investigation in other regions.
In future work, some efforts could be considered to improve the estimation of ambient Ev. (1) More data points across several cities should be collected to test the model performances for different situations. (2) Taking the average from temporal sampling is helpful to reduce the influence of interference factors during observations to collect higher-quality observation data. (3) More sensitive luxmeters that have higher accuracy in dark environments can be employed to span larger brightness ranges, especially for darker places. (4) High-resolution nighttime images collected by a drone are advised, which may help to bridge the spatial-scale gap between observation and Luojia 1-01 remote sensing data. (5) All-sky cameras that measure hemispheric radiance information and color information can be used to provide additional information. (6) The mismatch between the spectral response of the Luojia 1-01 sensor and the photopic response of the luxmeter should be considered. Though at this stage Luojia 1-01 and other nighttime satellite sensors do not provide multi-spectral data, empirical correct functions can be developed and applied to remote sensing images to better match the photopic response. (7) With abundant samples and additional ancillary information (light sources, land surface reflectance, building locations, reflectance of building wall, etc.), physical models could be developed to describe the relationship between upwelling radiance and downwelling illuminance. These physical models can also be compared with empirical models. 8) Given that the relationship between field and remote sensing data may vary under different lighting conditions, developing different models for different environmental conditions respectively may achieve better performance with enough spatial ancillary data. Machine learning technology that can effectively capture complicated relationships is also expected to improve the estimation accuracy of ambient Ev. 
